In a conventional liquid crystal (LC) cell, polyimide layers are used to align the LC homogeneously in the cell, and transmissive indium tin oxide (ITO) electrodes are used to apply the electric field to reorient the LC along the field. It is experimentally presented here that monolayer graphene films on the two glass substrates can function concurrently as the LC aligning layers and the transparent electrodes to fabricate an LC cell, without using the conventional polyimide and ITO substrates. This replacement can effectively decrease the thickness of all the alignment layers and electrodes from about 100 nm to less than 1 nm. The interaction between LC and graphene through π−π electron stacking imposes a planar alignment on the LC in the graphene-based cell -which is verified using a crossed polarized microscope.
I. INTRODUCTION
Graphene (GP) [1] is a two-dimensional crystalline allotrope of carbon, where the carbon atoms are densely packed in a regular sp 2 -bonded atomic-scale hexagonal pattern [2] . This twodimensional material exhibits ballistic electron transport [3] and high optical transmittance [4] , and therefore, it can be used as transparent electrodes in various electronic devices [5, 6] . In another direction, liquid crystals (LCs) are widely used in electro-optical display technology due to their optical anisotropic properties. In liquid crystal displays (LCDs), the LC is contained inside capacitive semi-transparent cells, where the two major components are the LC aligning layers and indium tin oxide (ITO) electrodes. The conventional LC aligning layer is a polyimidecoated surface where a unidirectional rubbing determines the nematic director ( ) profile of the LC in the cell. It has been shown before that graphene films can be used as the electrodes (instead of ITO) in an LC cell [5] . Here we report that a graphene-based LC cell can be fabricated without using any additional polyimide aligning layers or ITO electrodes. Graphene itself can be exploited simultaneously as the transparent electrodes and the LC aligning layers, obtaining excellent electro-optic effects of the LC, which is faster than that of the conventional ITO/polyimide LC cell.
II. PLANAR ALIGNMENT OF LC IN GRAPHENE-BASED CELL
It has been demonstrated that LC molecules can be stabilized on the honeycomb pattern of graphene [7, 8] or carbon nanotubes [9, 10, 11, 12] , employing the π−π electron stacking with a binding energy of -2 eV. We first investigate the alignment mechanism of a nematic LC on a graphene film to understand the fundamental interaction between graphene and LC. Chemical Vapor Deposition (CVD) grown monolayer graphene film on a copper foil was obtained from Graphene Supermarket, Inc. The monolayer graphene from the copper foil was then transferred onto a 2.5 × 2.5 cm 2 glass substrate using the polymethyl-methacrylate (PMMA) assisted transfer method [13, 14] . A small droplet of E7 liquid crystal (obtained from EMD Millipore Corporation, T NI = 60.5 o C) was placed on the graphene film and the droplet was then gently blown away by a dust blower to create a thin LC layer on the graphene surface situated on the glass substrate. The LC-coated graphene on the glass substrate was heated up in the isotropic phase to eliminate any residual order that resulted from the coating process and was then slowly cooled down to the nematic phase. The alignment of the LC on the graphene film was then studied by a crossed polarized microscope and the results are presented in Figure 1 . illustrate the π−π stacking interaction that arises due to the overlap of the LC's benzene rings on the graphene-honeycomb structure. It is known that between two crossed polarizers, a bright state with the maximum transmitted intensity appears when the planar-aligned LC nematic director ( ) is at 45 o with the polarizer (or with the crossed analyzer).
A dark state is achieved if is parallel to the polarizer (or to the crossed analyzer). Figure 1(a) schematically illustrates that the LC director ( ) on graphene is orientated at 45 o with respect to the crossed polarizer and analyzer -which results in a bright state. When the system is rotated through 45 o , the director ( ) orients parallel to the analyzer (see Fig. 1(b) ) -which leads to a dark state. To observe these bright and dark states, the LC-coated graphene on the glass substrate was rotated over 180 o under the crossed polarized microscope and the transmittance intensity was recorded. Figure 1 that graphene imposes planar alignment on the nematic phase due to strong π−π electron stacking. In addition, these results suggest that the LC can achieve a uniform planar-aligned state over a large-scale dimension on graphene -which is essential for fabricating a graphenebased LC cell. However, note that even within a single graphene crystalline domain, the LC molecules can assume three different orientations separated by 60 degree disclination lines due to the hexagonal symmetry in graphene crystal. There appears to be defect-like texture in graphene-aligned LC layers in Figure 1 Two glass substrates with monolayer graphene film were used to prepare a cell. The two glass substrates were placed together (with the graphene sides facing each other) to make a cell with an average thickness of 13.5 μm. The graphene-based LC cell was then filled with E7 liquid crystal. To make a comparative study, a commercially available conventional 12 μm ITO/polyimide LC cell was also filled with E7 liquid crystal. Figure 2 c)). This is because the graphene imposes planar alignment onto the LC molecules in a different mechanism than the polyimide alignment films.
As discussed before, graphene imposes planar alignment on the nematic phase due to the strong π−π electron stacking. On the other hand, in conventional LC cells, the LC molecules align with alkyl side chains of the polyimide alignment film to generate planar alignment. The LC director ( ) orientation in the graphene-based cell in Fig. 3 (e) is shown by the arrow at 45 o with the crossed polarizers.
III. FIELD-INDUCED DIRECTOR REORIENTATION OF LC IN GRAPHENE-BASED

CELL
The nematic phase shows dielectric anisotropy [15] , Δε = ε || − ε ⊥ , where ε || and ε ⊥ are the dielectric components parallel and perpendicular to the nematic director ( ), respectively. In a uniform planar-aligned parallel-plate cell configuration, the nematic director ( ) of a positive anisotropic (+Δε) LC is initially aligned perpendicular to the applied electric field , but the director can reorient parallel to if the field magnitude is above some critical threshold. The reorientation process of the nematic director ( ) occurs because the director experiences a torque ∝ Δε E 2 in the presence of . This is the essence of the Fréedericksz transition, and the dielectric measurement as a function of the applied field across the cell can reveal this LC reorientation process.
E7 liquid crystal is a positive anisotropic LC with Δε = +13.8 [16] . An automatic liquid crystal tester (Instec, Inc.) was employed to measure the dielectric constant of E7 liquid crystal as a function of the applied ac electric field at 1000 Hz in the nematic phase (T = 22 o C), in both the conventional ITO/polyimide cell and graphene-based cell. The ac field (and not dc) was applied to prevent the effect of ion migration from influencing the dielectric measurements. The dielectric constant as a function of the applied field for both cells is presented in Fig. 4 . The purpose of this experiment is to demonstrate that graphene can be utilized as conducting electrodes. The dielectric constant of E7 as a function of the applied field in the graphene-based cell clearly exhibits the Fréedericksz transition similar to that of the conventional ITO/polyimide cell, confirming graphene's capability of being used as electrodes. In the graphene-based cell, Δε = +13.57, while in the conventional ITO/polyimide cell, Δε = +13.49. These values are within 2 % of the reported value of Δε for E7 liquid crystal [16] . Thus, this experiment confirms that the LC director ( ) can reorient from planar to homeotropic configuration in the graphenebased cell in the presence of . These results also demonstrate that graphene itself can be exploited as the electrodes as well as the aligning layers in a cell without having any ITO and polyimide layers.
A careful observation also reveals that the threshold electric field to start the reorientation process is higher in the graphene-based cell. See the inset in Fig. 4 . The capacitance measurement shows that = 0.971 V and
. This suggests that W θ is higher in the graphenebased cell. This is because the LC-graphene interaction is stronger than the LC-polyimide interaction, and therefore, a higher field is required to overcome the anchoring energy of the LC at the graphene surface.
The dielectric (capacitive) data for the graphene-based cell has been used to extract the bend (K 33 ) and splay (K 11 ) elastic constants using the Fréedericksz transition method [18] by fitting the capacitance (C) vs. voltage (V) graphs according to the equation,
φ is the angle between the director and the substrate at V, φ m is the maximum angle in the middle of the cell, φ o is the pre-tilt angle, γ =Δε /ε ⊥ , = (K 33 / K 11 ) -1, and V th is the threshold voltage.
From this fitting, K 33 = 20.1 pN and K 11 = 11.4 pN -these values are within 4 % of the reported values of K 33 and K 11 for E7 liquid crystal [16] . The extracted values of K 33 and K 11 suggest that the graphene-based cell can be used reliably to characterize a nematic LC.
IV. ELECTRO-OPTIC EFFECT OF LC IN GRAPHENE-BASED CELL
The electrically-controlled birefringence effect in an LC [19] is observed when the applied field exceeds its threshold value and the nematic director deviates from the initial planar orientation to homeotropic orientation in the cell, changing its effective birefringence <Δn> as a function of applied voltage. If the nematic director is initially oriented at 45 o with the crossed polarizers, then the transmitted intensity at the exit of the analyzer can be written as [19] sin ∆ , [19] . Now, 
V. ELECTRO-OPTIC SWITCHING TIMES OF NEMATIC LC IN GRAPHENE-BASED
CELL
In this section, the electro-optic time responses of the nematic LC in the graphene-based cell are investigated. The two characteristic times [20] , rise (voltage on) and decay (voltage off), of the nematic director, can be described as: ,
where 1 is the rotational viscosity, d is the cell thickness, ε 0 the is free space permittivity, K 11 is the splay elastic constant, and V is the applied voltage. τ rise is the time the nematic director ( ) takes to rotate from planar to homeotropic configuration, when the voltage is turned on across a planar aligned cell. Similarly, τ decay is the time the director takes to rotate back from homeotropic to planar configuration after the voltage is turned off.
The field-induced nematic switching times were studied from the electro-optic responses of the LC cells. The optical setup consisted of a beam from a 5-mW He-Ne laser at wavelength 633 nm that passed through a polarizer, the graphene-based cell, a crossed analyzer, and into a nanosecond Newport photodetector. See Fig. 6(a) . The beam was polarized at an angle of 45 o with respect to the nematic director ( ). The output of the detector was fed into a digital storage oscilloscope. A dc voltage pulse at a pulse interval of 20 Hz was applied across the cell and the change in transmitted intensity as a function of time (both when the voltage was turned on and off) was detected by the oscilloscope. Transmittance responses for the field when turned on and off were studied for several applied voltages much higher than the threshold switching voltage.
The setup was computer-controlled and data acquisition was performed using LabVIEW ® software. Fig. 6(c) . This indicates that for the same cell thickness, τ off for the graphene-based cell is faster than that of the ITO/polyimide cell. Thus, not only does the graphene-based cell exhibit excellent nematic switching, the switching responses, τ on and τ off , are also significantly accelerated in this cell.
Several reports in the literature show that that the presence of carbon nanomaterials (such as carbon nanotubes, graphene flakes, fullerenes) in liquid crystals can significantly reduce the free-ion concentration in the LC media [ 21, 22, 23 ] by the ion-trapping process. The diminished presence of free-ions can reduce the internal friction, resulting in a decrease in the rotational viscosity 1 , of the LC media [24, 25, 26, 27] . The response times, τ rise and τ decay , linearly depend on 1 [Eq. 2]. A reduction in 1 , therefore, causes a faster rotation of the LC molecules [21, 23, 26] . In particular, the presence of graphene flakes in colloidal form in an LC allows the LC to respond quicker upon application of an external field [23, 24, 25, 26] . In the graphene-based cell, the LC is exposed to a 2 × 2.5 cm 2 graphene-coated surface area. It is possible that during the filling process of the cell, the graphene films at the two surfaces trap some ions from the LC and reduce the free-ion concentration in LC, decreasing 1 -hence the observed accelerated responses for τ on and τ off in the graphene-based cell.
VI. CONCLUSION
It is demonstrated that monolayer graphene can function as the alignment layers and the electrodes simultaneously, showing a typical Fréedericksz transition upon the application of an electric field across the LC cell. The measured LC parameters, such as Δε, K 33 , K 11, using the graphene-based cell are found to be within the acceptable range of the reported values of the LC.
The graphene-based LC cell exhibits excellent electro-optic effects with accelerated response times. Additionally, the total thickness of all the alignment layers and electrodes in a conventional ITO/polyimide cell is about 100 nm or more. [28] The thickness of a monolayer graphene film is around 0.37 nn. [26] Replacing both the layers with monolayer graphene reduces this effective thickness to less than 1 nm. Reducing this effective thickness could offer the potential to minimize the transmissive losses and optimize throughput of light over a wide range of spectral bands for modern LC devices. Presented results are expected to advance the conceptions about, and methodology toward, nanoscale manipulation LCs and LC orientation control using their interactions with graphene. These studies will not only make liquid crystal technologically useful (i.e. faster switching), but will also directly lead to the central role played by the LC-graphene interaction at the nanoscale interface and its effect at the macroscopic level.
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